The role of motility as a virulence factor in Pseudomonas aeruginosa burn wound sepsis was examined using mutants deficient in the Fla or Mot phenotype. Physiological profiles of parental strains and Fla-and Mot-mutants were similar with respect to antibiograms, 0 antigen types, growth rates, and proteolytic, exotoxin A and phospholipase activities, providing evidence for isogenicity. Lethality studies using a subcutaneous mouse burn model showed that three Fla-mutants and one Mot-mutant were much less virulent (lo2 to lo5 times) than the parent wild-type. Topical challenges in the flame burn model showed that a Fla-mutant of strain M-2 was approximately tenfold less virulent. A reduction in virulence, although somewhat less than tenfold, was also observed in the scald burn model for M-2 Fla-, and Motstrains. Tissue colonization experiments revealed a characteristic, rapidly systemic infection in burned mice challenged with wild-type organisms. Nonmotile mutants similarly proliferated in the burn wound, but the characteristic bacteraemia and systemic invasion were markedly absent. The infection remained localized in the skin wound and the mice survived. The pattern of infection by nonmotile mutants in the colonization studies was very similar to that obtained with Fla+ cells in burned animals passively treated with antiflagellar antibody. These results add substantial support to the concept of motility as a P. aeruginosa virulence factor in invasive infections.
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infections originate through surface contamination, or possibly via translocation from the patients' intestines (Chitkara & Fierabend, 1981 ; Maejiima et al., 1984; Cryz, 1984; Gelfand, 1984; Pruitt & Lindberg, 1979; Pruitt & McManus, 1984) . Regardless of the source of the inoculum, these infections begin as seemingly inocuous localized infections in the burn eschar (Holder & Hildaris, 1973; Pruitt & Lindberg, 1979) . However, once the bacterial load in the wound surpasses lo5 c.f.u. per g tissue, a rapid and sustained spread from the initial focus of infection occurs, leading to bacteraemia and multiple organ invasion (Holder et al., 1973; Pruitt & Lindberg, 1979) . A hallmark of P . aeruginosa burn wound infection then is its ability to rapidly disseminate from a local infection resulting in a serious systemic invasion.
Therefore, one element of the pathogenicity of P . aeruginosa that needed further focus and emphasis related to this organism's high invasiveness. A segment of this approach is exemplified in studies which have demonstrated an association between bacterial motility and invasive infections McManus et al., 1980; Craven & Montie. 1981 ; Montie et al., 19826) . Another corollary is that active immunization with flagellar antigen preparations Montie et al., 1982a; Holder & Naglich, 1986) or passive immunization with anti-flagellar sera inhibited the lethal bacterial spread from a localized infection . The work reported here is an extension of our preliminary studies with a single chemically derived mutant, M-2 Fla- (Montie et al., 1982b) , where loss of the flagellum was associated with loss of virulence. We report: (a) a comparison of virulence with two additional wild-type strains and their physiologically characterized, cogenic or isogenic mutants, including two Fla-mutants and a Mot-mutant, (b) a comparison of these mutants and parents by different routes of challenge and in a second animal model, and (c) tissue colonization studies demonstrating lack of invasiveness of a Fla-strain. METHODS Bacteria. P. aeruginosa strain M-2, originally isolated from the small intestine of a CF-1 mouse, was kindly provided by Dr Ian Alan Holder, Shriner's Burn Institute, Cincinnati, Ohio, USA. The Fla-mutant derived from M-2 was obtained through ethyl methanesulphonate mutagenesis (Montie et al., 19823) . The wild-type strain PA01 and its corresponding Fla-Mot-mutants, AK1152 and AK1153, obtained by ethyl methanesulphonate mutagenesis, were graciously supplied by Dr A. Kropinski. Queen's University, Kingston, Canada. Strains MT1200 (Fla+Mot+) and MT1200-80 (Fla+Mot-) were a gift of Drs M. Tsuda and T. Iino, Hongo University of Tokyo, Japan, and have been previously described (Tsuda & Iino, 1983a, 3; Tsuda etal., 1981) . Strain MT1200-80 has been extensively characterized. It is nonmotile, but possesses a long, rigid flagellar filament.
Stock cultures were frozen in 50% (v/v) glycerol and Brain Heart Infusion Broth (BHIB) at -70 "C. Working stocks were maintained as dilute suspensions of bacteria in BHIB at 4 "C. For virulence experiments, bacteria were cultured in BHIB for 15 h in a 37 "C gyratory water bath (New Brunswick Scientific), shaking at 180 r.p.m. Cells were harvested by centrifugation (6000g for 15 min), washed twice in diluent (25 mwpotassium phosphate, 0.85% NaC1,0.2 mwmagnesium sulphate, 0.01 % gelatin) and resuspended to the appropriate ODsg0 (Spectronic 20) in cold, sterile diluent. Protease assays. To determine general proteolytic activity, bacteria were band-inoculated onto dialysed BHIB/skim milk agar plates and incubated for 48 h at 37 "C. Zones of clearance due to proteolytic activity could be readily discerned and were measured in mm using a manostat.
Elastase activity was determined in two different assays. Nutrient agar plates containing 0.3 % elastin (bovine neck ligament, Sigma) were band inoculated with overnight cultures and incubated at 37 "C for 72 h; areas of clearance were measured under direct illumination. A second elastase assay utilized an elastin-congo red conjugate as a substrate. Bacteria were cultured in peptone (5%, w/v)/trypticase soy broth (0.25%) for 16 h at 37 "C. The supernatant was filter-sterilized and incubated in a reaction mixture containing 0.1 M-Tris/maleate buffer pH 7.0, 1.0 mM-CaC12, 10.0 mg elastin-congo red, and 0.025% SDS with shaking at 200 r.p.m. for 2 h at 37 "C. Reactions were terminated by the addition of 0.7~-sodium phosphate, pH 6-0. The appearance of a light red colour, indicative of elastase activity, was determined spectrophotometrically at 495 nm. One enzyme unit was defined as the amount of elastase that caused an increase of 0.01 absorbance units at the measured wavelength.
Physiological projles and antibiograms. Whole physiological profiles of each parent and respective mutant strains were determined using a micro-plate assay system (American Micro-Scan), courtesy of Dr Mark Camblin, Director of Clinical Microbiology, St Mary's Hospital, Knoxville, Tennessee, USA. A total of 27 biochemical tests were performed, including the oxidation/fermentation of glucose, the fermentation of sucrose, sorbitol, raffinose, rhamnose, arabinose, inositol, melibiose and adonitol, urea hydrolysis, oxidase, nitrate reduction, hydrogen Motility and virulence of P. aeruginosa 45 sulphide production, utilization of lysine, arginine, ornithine, citrate and malonate, and the presence of indole and tryptophan deaminase. Antibiograms of each strain were also compiled with several antibiotics, including piperacillin, tobramycin, kanamycin, amikacin, gentamicin, carbenicillin, moxacillin, chloramphenicol. cefamandole, cefotaxime, and a number of semi-synthetic penicillins and third-generation cephalosporins.
Serological typing. The 0 antigen types of each strain were determined using the International Antigen Typing System (IATS-Difco). Moderately turbid suspensions (OD590 0-5-1.0) from overnight trypticase soy agar plates were prepared in 0.85% saline on microscope slides. A 45 pl drop of 10-fold diluted antiserum was mixed with the suspensions and observed for agglutination over a period of 2 min. Positive and negative controls were always run simultaneously to ensure potency of the antisera.
Motilityplate assays. Motility of the P . aeruginosa strains was determined in motility medium consisting of 1 % (w/v) tryptone, 0.3% yeast extract, 0.5% NaCl and 0.3% agar. Plates were stab-inoculated from overnight cultures and incubated at 37 "C for 24 h. Each strain was assayed in triplicate. The diameter of the circular zone of growth was measured and expressed as a mean value in mm.
Electron and phase-contrast microscopy. For electron microscopy, bacteria were cultured statically in BHIB at 37 "C for 15-18 h. Cells were negatively stained with 0.5% phosphotungstic acid, pH 7-0. Specimens were examined using an H-600 Hitachi transmission electron microscope.
For phase-contrast microscopy, bacteria were cultured overnight at 37 "C on trypticase soy agar plates. Lightly turbid suspensions (OD590 0 . 1 4 3 ) in 0.85% saline were made on microscope slides and mounted with coverslips. Observations were made using a Bausch and Lomb phase-contrast microscope (magnification 400 x ). Female, CF-I mice (26-27 g) were shaved as in the procedure described above. The animals were anaesthetized with methoxyflurane until heavily sedated. Restrained in an appropriate template, the exposed surfaces were immersed in water at 80 "C for 7 s. The mice were given 0.5 ml sterile 0.85% saline i.p. for fluid replacement. The bacterial challenge was delivered at the burn wound either topically (0.3 ml) or S.C. (0.1 ml).
Quantification of bacteria in tissues. Mice were burned and challenged s.c., topically or i.p. with washed bacterial suspensions. At various times postburn and challenge, groups of three mice were killed. Full-thickness samples of burned skin and liver were removed, weighed and diced, and homogenized in cold sterile diluent. The bacterial content of the homogenates was enumerated by duplicate serial dilution plating on Pseudomonas Isolation Agar (American Scientific Products) or Cetrimide Agar (Difco). Colonies were counted after 24-48 h incubation at 37 "C, and the bacterial content was expressed as c.f.u. per g skin or liver. Blood samples were collected after decapitation and were plated on Cetrimide agar. Numbers of bacteria in the blood were expressed as c.f.u. per ml blood.
RESULT$

Characterization of strains
The growth curves of strains PA01 , AK 1 152, AK 1 153, MTl200 and MT1200-80 in complex medium were very similar ( Fig. 1) . Strains M-2 irnd M-2 Fla-had already been compared (Montie et al., 19826) . Serotyping indicated that all the strains were of 0 serotype 5. Motility plate assays, and electron microscope and phase-contrast microscope observations, confirmed the designated phenotypes with regard to presence of flagella and motility (Table 1) .
All the P. aeruginosa strains exhibited prominent zones of hydrolysis on skim-milk agar plates (assay for general protease), with little difference observed between the strains (Table 1) . No differences greater than 12% between the parental and respective mutant strains were detected. Larger differences between groups of strains were seen in the more quantitative elastin-congo red assay for elastase activity (Table 1 ). Strains M-2 and M-2 Fla-showed the highest activities.
Values obtained for strains PA01 , AK 1 152, AK 1 153, MTl200 and MT1200-80 were some 60 % lower; however, the activities of the parental strains and their respective mutants were very similar. All the strains were positive for exotoxin A and phospholipase activity. f Diameter (mm) of zone of hydrolysis of colonies on dialyzed brain heart infusion broth/skim milk agar plates.
$ Enzyme units of elastase as determined by elastin-congo red assay (1 unit represents an increase in A495 of 0.01 units).
Physiological profiles consisting of 29 biochemical tests revealed no differences between any of the strains. Results of antibiograms indicated that there were no differences in resistance and susceptibility between the parent and mutant strains.
Comparative lethality studies
Initial experiments examined the lethality of the parental strains and their respective mutants in burned mice. Strain M-2 was highly virulent when injected S.C. into the burn wound (Table 2) . At a dose of only 480 c.f.u., all the challenged mice succumbed to the infection by the third day postburn (time until death not shown). As expected, the time to death revealed, in general, an inverse relationship with the challenge dose (data not shown). The LD,, was 5.3 c.f.u. for strain M-2. In contrast, when burned mice were challenged S.C. with the mutant, M-2 Fla- (Table 2) , a substantial loss of virulence was apparent, doses 104-105 times higher being needed to achieve 
0115
100% mortality. The LD5o for M-2 Fla-was 5 x lo4 c.f.u., a value lo4 times higher than that of the parent strain, M-2. These results confirm preliminary findings (Montie et al., 1982b) and further demonstrate the extent of the loss of virulence associated with the Fla-phenotype.
Similar studies were done with strains PAOl, AKl152 and AK 1153 (Table 2) . PAOl was highly virulent, with an LDS0 comparable to that of M-2. In contrast, both Fla-mutants were of very low virulence (LD50 greater than lo7 c.f.u., compared with approximately lo2 c.f.u. for the parent strain).
Strains MT1200 (Fla+ Mot+) and MT1200-80 (Fla+ Mot-) presented the opportunity to address the question whether the loss of virulence resulted simply from the loss of a flagellum, or from the loss of the capacity to swim. The parent strain, MT1200, was lethal to burned mice but not at the level seen with M-2 and PAOl (Table 2 ). However, the nonmotile mutant, MT1200-80, was essentially avirulent, as challenge doses of 9 x lo4 c.f.u. resulted in no mortalities compared to the 80% mortality achieved by the parent at a marginally lower inoculum of 6.2 x lo4 c.f.u. Collectively, then, these data are consistent with the hypothesis that active motility is an important virulence factor of P . aeruginosa in burn infections.
To gain understanding of where in the infection sequence motility may be the most advantageous to an infecting organism, and whether motility would be important in modified challenge systems, different routes of challenge were examined. As has been seen previously, virulence is substantially reduced in topical models (Moncrief et al., 1966) . Inoculation of alcohol flame-burned mice topically with 2.8 x lo7 c.f.u. of the parent strain M-2 resulted in 60% mortality; 10-and 100-fold higher doses caused 80 and 100% mortality respectively ( Table  3 ). In contrast, topical applications of M-2 Fla-were less lethal; a challenge of 2.1 x lo9 c.f.u. resulted in only 40% mortality and 2.1 x lo7 c.f.u. resulted in no deaths. Thus approximately a 10-fold difference in virulence between parent and mutant was seen by topical application even though virulence expression in the parent was much less accentuated in this model. Another recently characterized animal model developed for the study of burn wound infections is the scalded mouse model. Scalded animal models have been used extensively in the development of topical antibiotics (Moncrief et d., 1966) . It was of interest to determine if the absence of motility rendered P. aeruginosa strains avirulent in this model. The results of these studies are shown in Table 3 . A dose of 3-1 x lo7 c.f.u. of M-2 caused 100% mortality by the second day postburn, whereas only two out of eight mice (25 %) succumbed to a similar challenge of M-2 Fla-at the same time. Although M-2 Fla-was able to eventually kill more animals @OX), the time to death was significantly longer than that observed in M-2-infected mice. Data from the MT1200 pair were similar: a challenge of 2.6 x lo9 killed over 60% in the parent compared to no deaths at 1.5 x lo9 in the Mot-mutant (Table 3) .
Although possibly not as relevant for the animal model, the virulence of all three sets of strains was examined via an i.p. challenge in the flame-burn model (data not shown). All three pairs of parents and non-motile mutants showed a decrease in virulence of the order of 50% for the mutants.
Colonization of' tissues in burned mice
To increase our understanding of the pathogenesis of P. aeruginosa burn wound infections and the role of motility, experiments were designed to follow the progress of bacterial colonization and spread into different tissues. The results of a representative study are illustrated in Fig. 2(a) . After S.C. inoculation of lo2 c.f.u. of strain M-2 (Fla+), a rapid proliferation in the burn wound ensued, with bacterial counts reaching more thah lo7 c.f.u. per g skin by 30 h post-challenge. Liver counts revealed a delayed but parallel increase. Bacteria were not detected in liver homogenates at 8 h postburn; but, as the bacterial load in skin increased, colonization of the liver increased concomitantly. Essentially identical results were observed upon enumeration of bacteria in the bloodstream. Mice were very ill by 30 h post-challenge and succumbed to infection within the next 5-10 h. A contrasting pattern of events was observed when burned mice were challenged with lo2 c.f.u. of strain M-2 Fla- (Fig. 2a) . The mutant multiplied within the burn wound to similar levels as the parent, reaching lo7 c.f.u. per g skin, but considerable differences between strains were observed in liver and blood counts. . 2. (a) Bacterial counts of skin (0, a), liver (0, m) and blood (A, A) detected in the bloodstream throughout the experiment. The results can be compared with tissue colonization studies with mice immunized with M-2 flagellar antiserum (Fig. 2h ). In the latter experiment the pattern of colonization after M-2 challenge was very similar to that after M-2 Fla-challenge in non-immunized mice. Skin colonization was unaffected, but liver levels remained below lo2 c.f.u. per g tissue, and bacteria were not detected in the bloodstream.
DISCUSSION
The virulence of P. aeruginosa appears to be multifactorial in that several isolated factors have been implicated in the pathogenesis of this organism. The relative contribution of individual components may vary significantly, depending on the disease or animal model studied and whether or not other virulence factors are produced. It is difficult to assess the importance of one virulence component using clinical isolates because of the diversity seen in the number and amount of other factors elaborated. One approach to defining the role of a single factor in the pathogenesis of P. aeruginosa is to use mutants which differ from the parents only in the lack of that factor. The latter approach was taken in this study.
A number of tests were employed to demonstrate the similarity between the parent strains and their respective Fla-or Mot-mutants. Although it is recognized that some factor could have been overlooked, no difference in the overall physiology, serum reactivity, or elaborated virulence products could be detected. One factor that lately has received more attention is the utilization of iron. However, only recently has the capacity for P. aeruginosa P A 0 to utilize iron been tested in an invasive animal model using mutants for a ferripyochelin-binding protein (FBP). Some association has been shown between loss of FBP and loss of virulence in a burnedmouse model (Sokol, 1987) . Although the question of iron as a virulence factor was not addressed in this report, we have observed growth of the AK Fla-mutants comparable to the PA01 parent on limiting iron medium. A typical iron-containing, blue-green fluorescence (presumably a pyocanin-pyoverdin mixture), A,,, 405 nm, appeared in these cultures. Other factors such as the presence of pili (fimbriae) were not examined, because from our observations and others, pili are not produced in shaken liquid culture by any P. aeruginosa strains. Therefore, it is likely that any differences observed in the present virulence and tissue infection studies were due only to the presence or absence of motility.
In initial virulence studies with burned mice, a loss of virulence was observed for each of the Fla-mutants, with LDS0 values up to lo4 times higher than those of the parents. These data confirm and extend preyious findings that the loss of flagella and consequent loss of motility are associated with reduced virulence in M-2 Fla-. It was also shown previously that a Fla+ revertant of M-2 Fla-regained full virulence (Montie et al., 19823) . In this investigation it was observed that the parental strain MT1200 was less virulent than the other two wild-types, PA01 and M-2. The decreased virulence may reflect the presence of the inserted anabolic and catabolic markers on the mapped flagellar genes of MT1200 (Tsuda & Iino, 1983a Tsuda et al., 1981) or may be indicative of strain differences not measured in this study. Nevertheless, the Mot-mutant MT 1200-80 was essentially avirulent compared ~C J its parent, suggesting that decreases in virulence do not simply result from the physical absence of flagella, but from the loss of the function of motility.
The colonization of burn wounds has been shown to occur from both endogenous and exogenous pathways. Therefore, additional routes of challenge were used, to determine if motility would remain advantageous to infection regardless of the route. Topical wound infection with parental and Fla-or Mot-strains in both burned and scalded mice revealed that one-tenth the number of mortalities occurred in mice challenged with the mutant strains, demonstrating that a decrease in virulence due to loss of flagella, and consequently motility, is not limited to S.C. challenge. Topical application of challenge bacteria to the surface of the wound in the animal model may more closely simulate human burn wound colonizations, as compared to S.C. challenge. However, differences in virulence may be more difficult to see in the topical model than in the S.C. injection model, because much larger applications of bacteria are required to obtain a lethal dose. Also, since more barriers are involved in the establishment of colonization and spreading in the topical model, infection time is protracted. The lengthened time may obscure virulence differences, because the dip in the resistance competence of the traumatized mouse is transient, lasting 1-2 d (unpublished data).
Although proliferation in the burn wound occurred following challenge with M-2 Fla-, the characteristic rapid systemic invasion seen with M-2 Fla+ was clearly absent. Although some low bacterial counts in the liver were observed after Fla-challenge, these may simply represent a passive 'spillover' from the expanding burn skin population into the bloodstream. The tissue studies provide further evidence that motility is an important component of the virulence complex of P. aeruginosa and that abrogation of motility significantly decreases the invasiveness of this organism such that systemic infection is not observed. These data are in agreement with earlier observations by McManus et al. (1980) , who showed that a series of uncharacterized nitrosoguanidine-derived Fla-mutants were less virulent than the wild-type when applied topically onto scalded rats and concluded that motility plays a role in infection and virulence. Motility may decrease in importance with time in chronic infections such as occur in cystic fibrosis patients. In fact, 70% of rough strains isolated from such patients in poor clinical condition exhibited a non-flagellated phenotype. Nonmotile bacteria persisting in mucoid or non-mucoid microcolonies may be a result of selection pressure against an invasive wild-type (Luzar 8z .
Motility is an important virulence factor of P. aeruginosa systemic infections, which are characterized by a rapid invasion from the initial focus of infection, and it contributes substantially to the invasive capacity of this organism in burn wound infections. This mechanism is also consistent with recent observations demonstrating the effectiveness of antiflagellar serum or purified antigen in protecting against burn infections in mice .
